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PREFACE
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for their contributions to the experimental work; J. S. Evangelides and

R. A. Meyer for technical consultation; and G. W. Smith (General Motors

Research Laboratories) and J. E. Zimmer (Acurex Corporation) for technical
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I. INTRODUCTION

Carbon-fiber-reinforced carbon-matrix composites have been established by

their high-temperature properties as leading candidate materials for many

structural applications demanding resistance to thermal shock, strength at

temperature, and resistance to erosion by hot, high-velocity gas streams.

Most fabrication processes for such composites form a pregraphitic matrix by

impregnating a woven fiber preform with coal-tar or petroleum pitches that

pass through a mesophase (liquid-crystal) state upon carbonization. Thus the

carbonaceous mesophase plays a key role in fabrication because its behavior

determines the microstructure of the composite matrix and the number of

impregnation cycles required to reach desired levels of density.

That the mesophase transformation is essential in establishing the

graphitizability of carbonaceous materials was first recognized by Brooks and

Taylor in 1965.1,2 This basic observation has since been pursued by carbon

scientists interested in how the lamelliform morphology of graphitic materials

forms during the carbonization of organic precursors. It is now well

established that the principal microstructural features of coke and graphite

originate during the brief plastic lifetime of the carbonaceous mesophase

before it congeals to a solid semi-coke.
3'4'5

This program's initial investigations6'7 focused on identifying the

patterns of mesophase formation within carbon fiber bundles. Several signi-

ficant differences from mesophase formation in bulk pyrolysis were observed.

The most striking observations, however, were the near-identical patterns of

nesophase formation in the presence of various types of carbon fibers and the

dominance of substrate-surface mesophase alignment in determining the matrix

microstructures.8 ,9

In FY 83, mesophase formation within fiber bundles was explored further

to understand the salient process variables for composite fabrication.

Additional generalizations about microstructure-formation mechanisms in com-

posite fabrication are emerging; for example, that wetting behavior is

independent of pitch type,9 and that the energy of the mesophase-pitch

7
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interface is low.I0  The process of mesophase hardening was studied. Such

hardening is significant to composite fabrication because it defines the

thermal treatment beyond which high pressure should no longer be required to

- minimize mesophase movement caused by the percolation of pyrolysis gases.

Work was also begun on preparing mesophase specimens with well-defined

morphologies so that the effects of heat treatment on the microconstituents of

" carbon-matrix composites can be measured. Techniques of mesophase extrusion

* and draw show promise for the preparation of rods with fine fibrous micro-

structure and strong preferred orientation.

J8
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II. MESOPRASE FORMATION WITHIN CARBON FIBER BUNDLES

. A. INTRODUCTION

In previous studies of mesophase formation in petroleum-based pre-

cursors,'1 '12 specimens of petroleum pitch quenched from various stages of

pyrolysis were examined to learn how the mesophase morphologies of petroleum

coke are formed. In this study, we applied the same technique of interrupted

pyrolysis to pitch-impregnated fiber bundles that had been subjected to

conditions common in composite processing. Because of the markedly different

environmental conditions of composite processing--especially the proximity of

the matrix pitch to fiber substrates and the elevated pressures used to

improve the densification efficiency--the patterns of mesophase formation in

the fiber bundles were expected to be markedly different from those in petrol-

eum coke. The mesophase's fluid state may extend over a wider temperature

range than in room-pressure pyrolysis, and surface forces and alignment

effects may be the major factors in determining the matrix morphology within a

fiber bundle.8 ,13

The experimental techniques have been detailed in previous reports.6'7'1 4

Figure 1 shows the fixture used to hold the fiber bundles within a tubular

pyrolysis cell and to define the micrographic sections. All micrographs of

fiber bundles in this report are transverse sections of the open bundle

(section C), which approximates a fiber bundle adjacent to a weave cavity in a

three-dimensional (3D) reinforced composite. The room-pressure specimens were

prepared by heating a set of pyrolysis cells within a large copper block to

ensure equivalent and smooth heating. Specimens were removed at temperatures

of interest and quenched by insertion into a cold copper block. The high-

pressur opecimens were prepared individually by heating within a furnace of

low thermal inertia operating inside a cold-wall autoclave; at high pressure

the thermal coupling is sufficient to obtain effective quenching by switching

off the power to the small furnace.

Work reported previously 6 9 dealt primarily with an insoluble-free

petroleum-pitch impregnant (Ashland A240) pyrolyzed at room pressure. The

9
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FIBER
BUNDLES

Fig. 1. Fiber Bundle Holder. The aluminum fixture holds four fiber bundles
* during pyrolysis in a pool of impregnant pitch. Planes A, B, and C
* define transverse sections for splayed, constrained, and open

bundles, respectively; and plane D defines a longitudinal section for
the four fiber bundles. Reproduced from Ref. 6.

10
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mesophase transformation was observed to proceed more slowly within a fiber

bundle, without the extensive deformation characteristic of mesophase

pyrolyzed in bulk. All fibers studied, including PAN-based and mesophase-

based fibers, were wetted by both pitch and mesophase. The porosity developed

within a bundle was coarser for less constrained bundles. When the mesophase

hardened, it behaved as a fragile solid easily fractured by local stresses

within the fiber bundle. The work reported here extends these observations

and shows that the pyrolysis behavior of a coal-tar-pitch impregnant (Allied

15V) is similar in most respects to that of the petroleum pitch. The four

fibers studied are listed in Table 1.

Table 1. Carbon Fibers Used in Pyrolysis Experiments

Diameterb Nominal Tensile Modulus
Designationa Type Shape (0n) (Mpsi) (G a)

T300 PAN-based Near-round 7.0 35 240

VSA-11 Mesophase Open Wedge 14.8 50 345

Round 14.0

P55 Mesophase Round 10.7 55 380

Pl00 Mesophase Oval 10.2 100 690

aSource for all fibers: Union Carbide Corporation.
bDiameter, or largest transverse dimension, for typical filaments.

B. PETROLEUM PITCH IMPREGNANT

The behavior of A240 petroleum pitch is typical of most binder and

impregnant pitches: It exhibits strong bloating when pyrolysis reaches the

point at which the mesophase becomes the continuous phase.14 ,15 If bloating

occurs ins pitch-impregnated composite, it may constitute a "blow-out"

mechanism that could 4ccount for the low coke yields observed in composite

processing.16 We sought evidence of bloating and mesophase movement within

fiber .dndles by examining a series of pitch-impregnated specimens pyrolyzed

into and through the mesophase transformation, but observed no strong

11



effects--no deformed mesophase or sudden increases in porosity within bundles

when the mesophase transformation neared completion. Figure 2 demonstrates

that strong bloating occurred outside a fiber bundle, producing large bubbles

and highly deformed bubble walls; however, within the bundle the aesophase

microstructure evidences no deformation effects and the porosity appears only

marginally greater than before transformation was completed. Such behavior

was common to all fibers studied, as was the alignment of the mesophase layers

parallel to the fiber substrate.

We next attempted to check whether these observations could be extended

to high-pressure pyrolysis, but were limited by frequent failures of the

heating element operating within the cold-wall autoclave. The furnace was

originally designed with minimal electrical insulation to attain low thermal

inertia and rapid cooling rates, but this Insulation proved inadequate to

avoid shorting and burnout when the furnace atmosphere became laden with

hydrocarbons from the pyrolyzed specimen. This problem has since been

corrected by using a fully sheathed heater, with only slightly greater thermal

inertia.

Figure 3 compares mesophase formation in A240 petroleum pitch pyrolyzed

to 450*C under 5000 psi with a specimen pyrolyzed to 438"Cat room pressure.

In both specimens, pyrolysis had reached the condition of rapid mesophase

transformation outside the fiber bundles, and mesophase layers tended to form

around the open fiber bundles. However, the specimen pyrolyzed at high pres-

sure displays inhibited coalescence and coarser microstructures, apparently

caused by the lesser degree of stirring and deformation by bubble percolation.

As illustrated by Fig. 4 for the specimen pyrolyzed under 5000 psi, the

mesophase transformation within the fiber bundles has only just begun at

450*C. The wetting behavior with the pitch-mesophase interface standing near

normal to the substrate is similar to that observed in room-pressure

pyrolysis; Fig. 5 illustrates approximately the same level of transformation

in pyrolysis under room pressure at 5C/hr to 429*C.

12
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BULK MESOPHASE

FIBER BUNDLE

REGION SHOWN

BELOW

BUBBLE WALL

MAJOR BLOATING
BUBBLE

500ju

PORE

M ESOPHASE

50 1um

Fig. 2. Mesophase Behavior in and around an Open Fiber Bundle. Room-pressure
pyrolysis of VSA-11 mesophase-based fiber in A240 petroleum pitch at
5*0/hr to 464*C. Partially crossed polarizers.
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HIGH PRESSURE
5000 psi, 450C

VSA-1 1 T300
BUNDLE BUNDLEVSA-1 P100

BUNDLE B UNDLE

ROOM PRESSURE
438C

PORE

I I
1 mm

Fig. 3. Mesophase Formation around Open Fiber Bundles. Room pressure

pyrolysis at 5C/hr; 5000-psi pyrolysis heated at 10C/hr. Partially

crossed polarizers.
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PAN-BASED FIBER

PITCH

* MESOPHASE

- MESOPHASE-BASED

PITCH

MESOPHASE

1O!Lm

Fig. 4. Mesophase Formation in High-Pressure Pyrolysis. Pyrolysis of A240
petroleum pitch under 5000 psi in open fiber bundles at 10*C/hr to
4500C. Partially crossed polarizers.
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P55
MESOPHASE-BASED
FIBER

PITCH

MESOPHASE

10 ILm

VSA-11I
-~ MESOPHASE-BASED

FIBER

PITCH

MESOPHASE

10 ILm

* Fig. 5. tMesophase Formation in Room-Pressure Pyrolysis. Room-pressure
pyrolysis of A240 petroleum pitch in open fiber bundles at 5*C/hr to
429*C. Partially crossed polarizers.
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C. COAL-TAR PITCH IMPREGNANT

Mesophase formation within fiber bundles impregnated with a coal-tar

pitch (Allied 15V) has been studied further. The previous annual report
7

illustrated how the fiber bundle acts as a filter to remove a fraction of the

insoluble particles from the pitch that enters the bundle. This effect at an

early stage of pyrolysis is depicted by Fig. 6, the higher-magnification view

within the bundle demonstrating that the insoluble particles that penetrate

into the bundle tend to aggregate in much the same manner as in bulk pitch.

Figure 7 illustrates the aggregation mechanisms in the bulk pitch.

Segregation first occurs to form insoluble-rich regions, then a sweeping

action takes place as the mesophase transformation proceeds in the insoluble-

poor regions to collect the particles at the mesophase-pitch interface.
3

The wetting behavior within fiber bundles impregnated with 15V coal-tar

pitch is illustrated by Fig. 8 for a pyrolysis condition in which both

mesophase and pitch are present. Although the insoluble particles make both

micrographic preparation and observation more difficult, the wetting behavior

appears to be the same as observed for A240 petroleum pitch: The pitch wets

the filaments with near-zero wetting angle, and the pitch-mesophase interface

stands near-normal to the filament surface. Agglomeration by both insoluble

segregation and interface collection appears to operate on the scale of inter-

filament distances.

Wetting conditions after the mesophase transformation is complete are

compared with those early in the transformation for two types of fiber (PAN-

based T300 and mesophase-based P55) in Figs. 9 and 10. Similar views were

obtained for VSA-11 and P100 fibers. The mesophase-pore surfaces in the fully

transformed samples show that the mesophase wets the filaments at a near-zero

angle. In general, the filaments are more densely packed after transformation

is complete, except in regions of heavy insoluble agglomeration.

D. MESOPHASE-PITCH INTERFACIAL ENERGY

Four points indicate that the surface energy of a mesophase-pitch

interface in a partially transformed pitch is low:

17
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CLUSTERS OF

PARTICLES

PORES

500 pm 50Opm

Fig. 6. Mesophase Formation in and around a Fiber Bundle Impregnated with 15V
Coal-Tar Pitch. Magnified view of central portion of fiber bundle in
left-hand micrograph is given in right-hand micrograph. Room-
pressure pyrolysis at 5*C/hr to 438OC; VSA-11 fiber. Partially
crossed polarizers.
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",

250 jzm 50 jm

Fig. 7. Insoluble Aggregation in Bulk 15V Coal-Tar Pitch. Roow-pressure
pyrolysis at 5*C/hr to 429*C; partially crossed polarizers. Boxced
region in left micrograph is enlarged in right micrograph.
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MESOPHASE

PARTICLES

_--PITCH

10pJM 10pjm

* PFig. 8. Wetting Behavior within Fiber Bundles Impregnated with 15V Coal-Tar
Pitch. Room-pressure pyrolysis at 5*C/hr to 438*C; partially crossed
polarizers, oil immersion.
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PYROLYZED
* TO 4290C

MESOPHASE

PYROLYZED

-MESOPHASE

20 Am

Fig. 9. Wetting Behavior in T300 Fiber Bundles at Two Stages of Mesophase
Transformation. Room-pressure pyrolysis at 5*C/hr; partially crossed
polarizers.
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PYROLYZED
TO 4290C

MESOPHASE

20 um

PYROLYZED
TO 4880C

MESOPHASE

20jum

Fig. 10. Wetting Behavior in P55 Fiber Bundles at Two Stages of Mesophase
Transformation. Room-pressure pyrolysis at 5*C/hr; partially
crossed polarizers.
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1. The conclusion by Cranmer et al. 13 based on their observations that
the mesophase forms by homogeneous nucleation independent of the
type of carbon surface in the vicinity of the pyrolyzing pitch.

2. The present observations of little or no preference to wetting by
mesophase or pitch, as in the near-normal orientation of the
mesophase-pitch interface relative to the filament surface,
demonstrating that wetting energies are nearly the same for both
phases.

3. The fact that filament packing seems to proceed further in the pres-
ence of mesophase-pore surfaces than in the presence of mesophase-
pitch interfaces.

4. Observations by the quenching hot-stage microscope 17 that the free
surface near intersection with a mesophase-pitch interface is flat
and undistorted, consistent with a low value for the interfacial
energy.

When these points were discussed at the Sixteenth Conference on Carbon,
9

G. W. Smith of the General Motors Research Laboratory pointed out that an

independent estimate of the mesophase-pitch interfacial energy could be made

by applying Frenkel's relation 18 for fusion by viscous flow to hot-stage

observations of mesophase coalescence:

= __R (1)

where T is the time constant for coalescence, n is the viscosity, o is the

interfacial energy, and R is the radius of two coalescing spherules assumed

to be of equal size. A frame-by-frame analysis of films of three coalescence

events, such as those in Fig. 11, led Smith to estimate values of 0.003 to

0.2 dyne/cm for the mesophase-pitch interfacial energy, which are markedly

smaller than values of 20 to 50 dyne/cm for the surface energies of typical

organic liquids. The principal uncertainty in the calculation lies in the

viscosity value. In any case, the interfacial energy is very low compared

with typical surface energies, and the deductions from the micrographic

observations are confirmed. These results have been prepared for

publication.10

23
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(a)

(b)

* (C)

Fig. 11. Coalescence of Mesophase Spherules: (a) initial spherule contact;
(b) partial coalescence to produce a "waist"; (c) disappearance of
the waist. Observed on free surface by hot-stage microscopy on A240
petroleum pitch at 440*C; crossed polarizers. From Ref. 10.
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E. DISCUSSION

The wetting behavior by both pitch and mesophase is independent of fiber

type, at least for the four fibers studied to date. This common behavior also

extends to the pattern of mesophase formation during pyrolysis and to the

alignment of the mesophase layers parallel to the fiber surface; and it

applies to coal-tar pitch as well as petroleum pitch, providing that allowance

is made for the perturbing influence of the insoluble particles in the coal-

tar pitch. Such commonality in behavior also seems to hold, at least for the

petroleum pitch, for pyrolysis to pressure levels of 5000 psi, and thus

promises to reduce appreciably the experimentation required to characterize

mesophase formation under practical processing conditions.

Although the filaments in the outer rim of a fiber bundle appear to

* filter a portion of the insoluble particles from coal-tar pitch, a substantial

* fraction of the insolubles reaches the interior of the fiber bundle even for

the finest fiber (T300) studied. Upon pyrolysis, the mechanisms of insoluble

agglomeration act in much the same way as in bulk pitch, leaving an obviously

microheterogeneous matrix within the fiber bundle. These microheterogeneities

thus set the stage for the development of distortions and local stresses when

the composite is heat-treated.

Strong bloating effects within fiber bundles have not been observed, even

when the bulk mesophase outside the bundle shows the effects of strong defor-

mation by bubble percolation. This qualitative micrographic evidence does not

permit the conclusion that bloating effects do not occur, but only that bloat-

ing does not cause sudden increases in bundle porosity and that the tendency

for mesophase to align with fiber surfaces is strong enough to reorient any

deformed morphologies that might have been produced by mesophase movement. In

fact, the tendency to mesophase alignment operating over the short interfila-

ment distances within a fiber bundle totally dominates the formation of matrix

microstructure, and the diselination structures within the bundle appear to be

predictable from the geometry of filaments surrounding each matrix channel. 8 19
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The determination from coalescence kinetics that the mesophase-pitch

interfacial energy is low relative to mesophase or pitch surface energies

confirms inferences from several micrographic observations. The practical

implication for composite processing is that porosity agglomeration, observed

when filaments are not tightly constrained in the fiber bundle,6 must be due

to pitch or mesophase surface tensions acting in regions that are already

porous because of gas evolution during pyrolysis.

=.
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III. MESOPHASE HARDENING

The purpose of high-pressure processing in composite fabrication is to

attain higher densities in each impregnation cycle, presumably by retaining as

much matrix pitch as possible within the 3D preform until the mesophase has

formed and hardened. Thus, economically, it is desirable to know the pyroly-

sis intensity required to fix the matrix in place-the point in thermal

treatment beyond which high-pressure processing is required no further. The

mechanism of mesophase hardening defines this point and the point at which the

lamelliform morphology of the carbonaceous mesophase is locked into place.

Although mesophase hardening has practical and basic significance, we are
20-22unaware of systematic studies of it. However, investigations of the

viscosity of pyrolyzing pitch indicate some aspects of the behavior to be

expected. When the pyrolysis temperature reaches levels at which volatiliza-

tion and aromatic polymerization become rapid, the viscosity rises sharply and

rapidly surpasses the range of typical viscometers. Balduhn and Fitzer 2 2

found that this critical temperature level depends strongly on the nature of

the pitch and even on the shear rate during pyrolysis in the viscometer; e.g.,

for a set of five pitches of varied origins, the temperature at which the

viscosity reached 100 poise ranged from 430 to 520*C. At high pressure, the

volatile compounds tend to be retained in the pyrolyzing mass, and the

hardening point may be appreciably higher than observed at room pressure.

In the present work, we are examining a temperature-programmed penetrom-

eter test as a means of determining whether a mesophase specimen has been suf-

ficiently pyrolyzed to undergo no softening in subsequent thermal treatment.

The apparatus is a DuPont Thermomechanical Analyzer (Model 943) with a

2.5-mm-diam probe that can carry a load up to 100 g; the tests described here

were made with 10-g loading, which corresponds to a pressure of 2.6 psi at the

tip of the penetrometer probe. The powdered sample is contained in a

6-mra-diam silica cell, into which it is shaken and tamped to attain a depth of

5 mm. The penetrometer cell is heated at the rate of 5'C/mm, and the sample

is protected against oxidation by a stream of nitrogen flowing through the

heated cavity.
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A series of mesophase specimens was prepared from A240 petroleum pitch

and 15V coal-tar pitch under standardized pyrolysis conditions at room pres-

sure to test the suitability of the penetrometer for defining the pyrolysis

condition for effective hardening. The samples were pyrolyzed at 5*C/hr to

finishing temperatures that ranged from 441 to 507*C. The pyrolysis yields

were reproducible to better than *1% and followed patterns previously

reported. 12 After pyrolysis, the residues were crushed and sieved to

*-140/+325 mesh (44 to 105 Um particle size).

Figure 12 presents traces of five penetrometer tests, with the probe

penetration plotted as a function of cell temperature. If the specimen

softens appreciably, the probe penetrates to the bottom of the cell, and some

* well-defined point on the penetration curve can be taken arbitrarily as the

softening point. If the specimen has been pyrolyzed to the point of effective

hardening, the penetrometer trace shows only a gentle maximum near 450*C,

where coke shrinkage overtakes the normal thermal expansion. Borderline cases

of partial penetration occur when the pyrolysis condition approaches effective

hardening. If a viscous specimen bloats by gases generated during the pene-

trometer run, a "lift-back" phenomenon is sometimes observed.

Figure 13 summarizes the results of a number of penetrometer runs on the

two types of mesophase pitch. The softening point (for 1-u penetration with

10-g loading) is plotted as a function of the pyrolysis temperature. For both

materials, the specimens pyrolyzed to 466*C showed measurable softening points

at I-um penetration (with one exception), whereas those pyrolyzed to the next

temperature level at 476*C did not yield to the penetrometer load. The

pyrolysis conditions for hardening thus lie between 466 and 476*C. The plot

of softening points indicates further that the 15V-based mesophase hardens

about 9*C higher than the A240-based mesophase, assuming that the viscosity

curves on pyrolysis follow similar patterns. Note also that the softening

point near the hardening condition is very sensitive to the pyrolysis

*temperature, i.e.,

dT p 9 (2)
dT

pyr
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-2 A240 PETROLEUM PITCH

PENETROMETER LOAD: 10 g
-1 HEATING RATE: 5C/min

E Tpyr = 4760C

Z 1 Tpen =47100C

2 Tpen = 375002=- 466oC

z 3
4L Tpyr _45204

5 5 lIla I I, I m I, I1 ,I IIi

0 100 200 300 400 500 600 700 800 9001000
Tpenetrometer (0C)

-2
15V COAL-TAR PITCH

-1 PENETROMETER LOAD: 10 g
HEATING RATE: 50C/min

E Tpyr = 4760,

1 Tpen = 4180C

S"LIFT-BACK" DUE TO BLOATING
I-
w
Z 3
w
(L -- Tpyr =466

4

5- a I , .I I a I I a I a I a I

0 100 200 300 400 500 600 700 800 900 1000
TPenetrometer (0C)

Fig. 12. Penetrometer Curves for Hesophase Pitches Prepared from A240
Petroleum Pitch and 15V Coal-Tar Pitch. Pyrolysis condition is
given by Tpvr, the maximum temperature attained in standard
pyrolysis at 5C/hr. Softening point Tfen is penetrometer
temperature corresponding to 1-mm penet ation in a bed 5 mm deep.
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Fig. 13. Softening Points of Mesophase Pitches as a Function of Pyrolysis
Temperature
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where Tpyr is the temperature to which the specimen was pyrolyzed and Tpen is

the softening point determined by the penetrometer.

- The penetrometric method has thus been demonstrated to offer a means of

defining mesophase hardening. Tests on pitches pyrolyzed under high pressure

will be run to determine whether bloating effects from the release of

dissolved gases disturb the measurement.

_3
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IV. PREPARATION OF MESOPHASE SPECIMENS

One objective of the present program is to obtain basic data on mesophase

shrinkage, thermal expansion, and mechanical properties as a function of heat

treatment, commencing from the point of mesophase hardening. Mesophase speci-

mens of well-defined morphology in the just-hardened state are required. The

experimental approach in the work described here was to explore extrusion and

draw methods 12 ,23 to produce mesophase rods with fibrous microstructure.

The mesophase pitch was prepared from A240 petroleum pitch by the

Chwastiak procedure,24 i.e., stirred extensively and sparged with nitrogen;

the heating schedule was 25*C/hr to 400*C and a 20-hr hold at 400*C. The

yield was 44 wt% (including transfer losses). The microstructure depicted in

Fig. 14 reveals full transformation to mesophase and consists of a thick-

walled foam with the bubbles generally less than I-m in diameter. The

spherical bubbles and the coarse texture of polarized-light extinction

contours indicate that the mesophase was fluid at the preparation

temperature. The pitch was crushed and compacted to 4000 psi at 200*C to

minimize the porosity of the material to be melted down in the extrusion

device.

The penetrometer trace of Fig. 15 shows a softening point of 309°C and

the apparent commencement of bloating at about 340*C, well below the prepara-

tion temperature of 400*C. The tendency to bubble formation recommends the

use of extrusion temperatures below 340*C to obtain sound, bubble-free

extrudates.

The extrusion device diagrammed in Fig. 16 is similar to devices used to

spin monofilaments of mesophase fiber.2 5 The extrusion chamber and the

spinnerette are constructed of aluminum for good thermal uniformity. The cell

can be pressurized with nitrogen up to 300 psi. Three sizes of spinnerette

orifices were used: 0.2, 0.9, and 2 mm in diameter. The figure shows how a

weight can be clamped to the extruded rod to add draw to the extrusion

process. The extent of draw is determined by the nitrogen-flow cooling

action, as well as by the size of the attached weight.
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2 mm

0.5 MM

* Fig. 14. Foamed Microstructure of Mesophase Pitch Prepared for Extrusion and
Draw Experiments
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Fig. 15. Penetrometer Trace for lesophase Pitch Used in Extrusion and Draw
Experiments
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Fig. 16. Schematic of Extrusion Device. A weight can be attached to extruded
rod to obtain draw following extrusion.
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Extrusion was explored at temperatures of 320 to 410*C. Extrusion rates

were very slow at the lower temperatures, e.g., 250 psi was required to attain

a rate of I cm/min at 325 0C with the 0.9-mm-diam orifice. The extrusion rate

increased rapidly with temperature, but bubbles in the extrudate began to be

visible at 340*C and were abundant above 3750 C.

Figure 17 illustrates the microstructure of a sound extrusion obtained

below 340*C with the 0.9-ia orifice. The longitudinal section shows rela-

tively smooth flow, although some traces of the parabolic flow contours are

visible because of small ripples in the flow. The transverse section reveals

a fine fibrous microstructure with some tendencies to laminar preferred

orientations in the rim. The diameter of 1000 wu shows appreciable die swell

when extrusion is employed without draw, behavior observed by Nazem.
2 6

Bubbles appeared in the extrudate at temperatures above 3400C and at

lower temperatures for long dwell times. As Fig. 18 illustrates, the presence

of bubbles disturbs the preferred orientation; as the bubble frequency

increases, the flow pattern is increasingly disrupted, eventually effecting a

foamed rod with near-random microstructure.

Simple hand-drawing from the 2-mm orifice confirmed that drawing is

effective in orienting even a heavily bubbled rod (see Fig. 19), and led to

the more controlled drawing experiments with the weight attached to the

extruded rod as depicted in Fig. 16. In one experiment, stable drawing con-

ditions were found at 330*C and 140-psi extrusion pressure with the 0.9-mm

orifice. As illustrated by Fig. 20, a rod of near-uniform diameter and fine

fibrous microstructure was drawn at about 4 cm/min. The diameter was about

640 t, and the draw weight corresponded to a maximum stress of 24 psi. The

draw rate and diameter were somewhat influenced by the cooling effect of the

nitrogen stream directed to minimize oxidation near the extrusion orifice.

The results of these initial drawing experiments indicate that sound rods

can be produced, that the preferred orientation (as judged qualitatively by

polarized-light microscopy) is superior to rods produced by extrusion alone,27

and that the microstructures approach the fine fibrous morphologies desired.

However, the extrusion of satisfactory rods is seriously limited by the
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1000 AM

* Fig. 17. Microstructure of a Sound Mesophase Rod Extruded below 340*C.

.1* Crossed polarizers.
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200 Asm

Fig. 18. Effect of Bubbles in Disrupting the Preferred Orientation of
Extruded Mesophase Rods. Extrusion orifice, 200 w: crossed
polarizers.

39



440

Q" L4.



500 Am

Fig. 20. Microstructure of a Sound Mesophase Rod Produced by Extrusion and
Drawing
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problem of bubble formation, and we have not yet successfully defined extru-

sion conditions for the present mesophase pitch that will reproducibly form

* sound rods for drawing. It may be desirable to explore other mesophase

, pitches, using the same petroleum pitch but treated to different levels of

*pyrolysis.
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V. FURTHER INVESTIGATIONS

Further studies of the formation of mesophase microstructures within

carbon-carbon composites can be grouped into three tasks: exploration of the

effects of pressure up to 15,000 psi, extension of the observations to 3D

preforms, and mesophase formation in multiple impregnations. The studies of

'specimens pyrolyzed at'high pressure should be facilitated by the improvement

in the autoclave furnace and by the apparent similarities in behavior of both

fibers and pitches. The latter generalization will be tested further by

including additional varieties of fiber and pitch in the pyrolysis runs. The

studies with 3D preforms will focus on the role of the weave cavity in subse-

quent impregnations as well as in the initial impregnation.

An im ediate task 'in the investigations of mesophase hardening is to

define the effect of confining pressure in increasing the pyrolysis intensity

required for effective hardening. Another task of basic interest is to corre-

late the softening point for mechanical deformation with the temperature at

which microstructural coarsening begins, e.g., by disclination reactions.

Thus our interest in mesophase hardening relates not only to the retention of

mesophase in place, as within a preform during pyrolysis, but also to the

retention of a microstructure that may have been produced by deformation, as

in extrusion or drawing.

Two lines of effort are required to prepare mesophase specimens satis-

factory for measurements of heat-treatment effects on dimensions, thermal

expansivity, and mechanical properties. First, the variables affecting

mesophase extrusion and draw must be further investigated to identify con-

ditions for the reproducible preparation of sound rods consistent in size and

microstructure. To overcome the problem of bubbles occurring in the extru-

date, it will probably be necessary to prepare a wider variety of mesophase

pitches. Second, stabilization processes, operating either by vacuum

treatment or by limited oxidation, must be applied to fix the mesophase

microstructures before subjecting them to heat treatment.
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were completed or are being prepared with support from this research program.

Items 11 to 15 are closely related publications and presentations supported by

the U.S. Air Force Space Division.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical investigations necessary for the evaluation and

application of scientific advances to new military space systems. Versatility

and flexibility have been developed to a high degree by the laboratory person-

nel in dealing with the many problems encountered in the nation's rapidly

developing space systems. Expertise in the latest scientific developments is

vital to the accomplishment of tasks related to these problems. The labora-

tories that contribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development
including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
microelectronics applications.

Electronics Research Laboratory: Microelectronics, GaAs low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as In space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.
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